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The effect of optical irradiance on the
linearity of a Si photodiode was studied.
These results are compared for light
modulated at 30 MHz and at dc as the
optical irradiance was varied over a 9
decade range. We discuss how these re-
sults affect the use of this detector as a
heterodyne receiver. As the optical irra-
diance varied from 10~2 to 10*3 mW/
cm?, while maintaining constant total
power, the photocurrent was constant to
about 1%, but as the power density in-
creased further, the photocurrent in-
creased about 13%. At the highest
densities that we could achieve, about

6% 107 mW/cm?, there was only slight
evidence of the onset of saturation.
These results are of importance in our
work to use optical heterodyne detection
to measure filter transmittances over a
wide dynamic range. The results provide
guidelines for achieving maximum accu-
racy when using this particular diode as
an optical heterodyne receiver.
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tion.

Accepted: February 11, 1991

1. Introduction

Recently [1,2] we showed how optical heterodyne
detection, as proposed by Snyder [3], can be used to
measure filter transmittances over a very wide
dynamic range and to tie optical transmittance to rf
attenuation standards in an absolute way. The
accuracy of that technique depends on the linearity of
the heterodyne receiver at the heterodyne frequency,
30 MHz in our case. We measured the linearity of the
heterodyne receiver, a Si photodiode, used in those
filter transmittance measurements as the optical
power density was varied over 9 decades. These
results are used to define the useful range of
operating conditions of that detector for our
heterodyne application. These results are compared
to previous high-frequency linearity measurements of
a different detector by Young and Lawton [4].

! Current address: University of Freiburg, Freiburg, Germany.
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2. Experiment

To determine how detector responsivity varies
with optical irradiance, the detector photocurrent
was recorded as the detector moved through the
focus of a laser beam. Since the total power on the
detector was constant, any change in the photocur-
rent indicates a variation in detector response with
optical irradiance. This method was used to mea-
sure both the 30 MHz and dc responsivities. This
technique depends on good uniformity of response
over the detector surface. The nonuniformity was
found to be less than 1%, which was significantly
smaller than the irradiance dependent variations of
responsivity that were of interest.

Our source of light with a 30 MHz modulation
was the output beam of the Mach-Zender interfer-
ometer used for our heterodyne measurements of
filter transmittance described in reference [1]. That
setup used a He-Ne laser at 632.8 nm as the light
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source for the interferometer. The interferometer
contained an acousto-optic modulator (AOM) in
each of the two optical paths to shift the frequency
of each of the light beams. The AOMs were oper-
ated with different drive frequencies to produce a
30 MHz frequency difference between the two light
beams. These two beams were recombined at the
output of the interferometer producing an optical
beam modulated at the 30 MHz difference fre-
quency. We used this modulated output beam as
our source and focused it using a 25 mm focal
length achromatic lens.

A beam profiler was used to measure the spatial
profile of the output beam from which the peak
power density was calculated. The beam profiler, a
Photon, Inc.2 model 1180-14, works by scanning a
50 pm slit across a Si photodiode. This device
reads out the beam diameter at a selected fraction
of the maximum signal level. This system works
well for half maximum beam diameters of at least
twice the 50 pm slit size. To determine the actual
diameters of beams smaller than this, we recorded
the apparent beam diameters at 25% and 75% of
the peak level, The difference between these two
diameters was used to determine the true 50%
beam diameter. The functional dependence of the
measured 25%-75% diameter difference on the ac-
tual 50% diameter was calculated in a straight-for-
ward manner assuming a gaussian beam shape.
This method is a sensitive means of determining
the size of very small beams.

We verified the beam diameter measurement
technique and the quality of the beam itself by de-
termining the diameter of the beam as a function
of position along the beam, The data were found to
be well modeled by a gaussian beam with a
3.4 pm 50% diameter at the waist. We used the
beam diameters in only one dimension, even
though the beam was somewhat elliptical in cross
section (about 25% difference in horizontal and
vertical diameters). The error introduced into the
irradiance calculations by this simplification was
small compared to the 9 decade range of the mea-
surements.

The optical heterodyne detector was a window-
less EG&G FND100 PIN type Si photodiode re-
verse biased with 61.7 V through a 435 () resistor

% Certain commercial equipment, instruments, or materials are
identified in this paper to specify adequately the experimental
procedure. Such identification does not imply recommendation
or endorsement by the National Institute of Standards and
Technology), nor does it imply that the materials or equipment
identified are necessarily the best available for the purpose.
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(see fig. 1). The voltage drop across the resistor of
—0.2 V was always very much smaller than the
drop across the diode so the diode bias remained
nearly unchanged. This insured that our detection
circuit did not contribute to any nonlinearity. The
30 MHz signal was ac coupled to the input of a
transimpendence amplifier. The bias resistor was
made as large as practically possible relative to the
capacitor impedence to reduce the shunt to ground
of the ac signal. The magnitude of the 30 MHz
signal was measured with 0.001 dB resolution using
a modified signal and attenuation calibrator [2].

435 Q

Figure 1. Detector circuit.

The dc photocurrent was determined by measur-
ing the voltage drop across the 435 () resistor. To
estimate the absolute internal quantum efficiency
of this photodiode at dc and for low optical irradi-
ance, we compared its response at 632.8 nm to a
laser power meter that we calibrated against a
99.6+0.1% efficient multi-reflection Si photodiode
“trap” device [5]. Also required for this estimate
was the reflectivity of the FND100, which we mea-
sured to be 16%. The internal quantum efficiency
of the diode at dc was found to be 0.87+0.01.

3. Results

To determine the FND100 detector response,
the 30 MHz signal was recorded as the detector
was moved through the focus. The single maximum
in the output signal was the reference point that
allowed us to match up the positions of the detec-
tor to the positions at which the beam diameter
was measured. Figure 2a shows the relative re-
sponse of the detector to a 30 MHz signal as a
function of the optical irradiance of the peak of the
spatial distribution at the detector surface. Four
different data sets are shown. The points indicated
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the diamonds were taken at full laser power. The
other sets were taken with attenuators in the laser
beam to allow the range of peak irradiances to be
extended. The four data sets were shifted vertically
to produce a continuous curve and the flat region
of the combined curve was chosen arbitrarily as a
response of 1. That flat region is where the detec-
tor response is linear. The response changed
by less than 1% up to an irradiance level of
10> mW/cm?. Above this level the detector exhibits
an increasing responsivity, or supralinearity,
of up to 12%. At the highest irradiance, above
10° mW/cm?, there is some indication of the onset
of saturation.

110 E
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Figure 2a, Relative detector response at 30 MHz versus
peak optical irradiance on the detector. The different sym-
bols indicate data taken at different total optical powers.
The different data sets were shifted to produce a continu-
ous curve. The response in the flat region was arbitrarily
chosen to be 1. The two low points were due to overfilling
the detector.

For comparison purposes, we also measured the
responsivity of the detector versus irradiance at dc.
Figure 2b shows the relative response of the diode
at dc as a function of the peak optical irradiance at
the detector surface. Three different data sets are
shown. The triangles and diamonds indicate dis-
tinct data sets taken at different total optical pow-
ers. The circles indicate a data set taken later to
check the repeatability of the measurement. The
sensitivity of our dc voltmeter did not allow us to
follow the responsivity curve to irradiances as low
as those reached with the 30 MHz data but we
were able to take enough data to observe the linear
region. As before, the response in the flat region
was chosen arbitrarily to be 1. Both the dc and 30
MHz responsivities show the same irradiance
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threshold for the onset of nonlinearity and approxi-
mately the same rate of increase above the
threshold.
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Figure 2b. Relative detector response at dc versus peak opti-
cal irradiance on the detector. The response in the flat region
was arbitrarily chosen to be 1. The triangles and diamonds
indicate distinct data sets taken at different total optical pow-
ers. The circles indicate a data set taken at a later time to
check the repeatability.

Since no internal gain is expected, the largest the
internal quantum efficiency of our photodiode can
be is 1. As a result the low-irradiance dc quantum
efficiency of 0.87 can rise by at most 15%. The total
measured increase of the dc responsivity is 12.5%,
nearly the same as for the 30 MHz data. This level
of increase is nearly equal to the maximum allow-
able increase.

4, Conclusions

For the FND 100 diode used in our heterodyne
measurements, the dependences of the 30 MHz
and dc responsivities on irradiance were nearly the
same. The detector was linear at irradiance levels
below 10° mW/cm?® At irradiance levels above 10°
mW/cm? the response increased by up to 13%. This
brought the internal quantum efficiency to nearly
100% as determined by the absolute measurement
of the low-irradiance internal dc quantum effi-
ciency.

This level of increase in responsivity can be ex-
plained by the saturation of loss mechanisms such
as recombination at trap sites [6]. Impurities within
the diode act as trap sites where photogenerated
charge carriers can be caught long enough to re-
combine. This reduces the quantum efficiency to
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less than 1. As the optical irradiance and thus the
carrier concentration increases, the trap sites fill
up. This reduced loss has the effect of increasing
the quantum efficiency up toward a maximum level
of 1, although other saturation mechanisms may
become important before that limit is reached. The
quantum efficiency increased nearly to 1 with only
a hint of responsivity saturation at the highest irra-
diances that we could achieve.

The results here are in contrast to the work of
Young et al. that compared the dc and 600 MHz
responsivities of a HP 5082-4220 PIN type diode.
They saw no evidence of supralinearity in either
the dc or high-frequency responsivities. They also
found differences between the two responsivities
that our FND 100 diode did not exhibit.

As a result of these measurements, we have
found that our detector/amplifier package can be
used to make linear measurements of an optical
heterodyne signal as long as the irradiance is less
than 10> mW/cm? Even at irradiances larger than
this, the optical heterodyne measurements can still
be made linear, as long as the local oscillator beam
remains constant and is significantly more powerful
than the signal beam. If this is the case, the respon-
sivity remains nearly constant, because as the signal
beam irradiance changes, the total irradiance does
not vary much. With these easy to achieve condi-
tions, our heterodyne receiver is linear and can be
used in high-accuracy applications.

5. References

[1] Migdall, A. L., Roop B., Zheng, Y. C., Hardis, J. E. and
Gu Jun xia, Appl. Opt. 29, 5136 (1990).

[2] Migdall, A. L., Roop, B. and Gu Jun xia, Measuring Filter
Transmittance Using Heterodyne Detection, submitted to
Metrologia.

[3] Snyder, J. J., Appl. Opt. 27, 4465 (1988).

[4] Young, M. and Lawton, R. A., Appl. Opt. 17, 1103 (1978).

[5] Cromer, C., A new spectral response calibration method us-
ing a silicon photodiade trap detector, to be published in
Proc. Measurement Science Conf., Jan. 31, 1991. Devices
similar to the one used here are described in two papers in
SPIE Vol. 1109, Optical Radiation Measurements II,
Palmer, James M. Ed., 27-28 March 1989 —Houston, J. M.
and Zalewski, E. F., Photodetector Spectral Response
Based on 100% Quantum Efficient Detectors, pp. 268-277
and Fox, N. P. and Martin, J. E., A Further Intercomparison
of Two Cryogenic Radiometers, pp. 227-235.

[6] Schaefer, A. R., Zalewski, E. F., and Geist, J., Appl. Opt.
22, 1232 (1983).

146

About the authors: Alan L. Migdall is a physicist in
the Radiometric Physics Division of the NIST
Physics Laboratory. Carsten Winnewisser is a stu-
dent at the University of Freiburg, Freiburg, Ger-
many and was a Guest Researcher at NIST.



Volume 96, Number 2, March-April 1991

Journal of Research of the National Institute of Standards and Technology

[J. Res. Natl. Inst. Stand. Technol. 96, 147 (1991}1

Use of the Electrostatic Classification Method to Size
0.1 um SRM Particles — A Feasibility Study

Volume 96

Number 2

March-April 1991

Patrick D. Kinney and
David Y. H. Pui

University of Minnesota,
Minneapolis, MN 55455

and

George W, Mulholland and
Nelson P. Bryner

National Institute of Standards
and Technology,
Gaithersburg, MD 20899

The use of the electrostatic classification
method for sizing monodisperse 0.1 um
polystyrene latex (PSL) spheres has
been investigated experimentally. The
objective was to determine the feasibility
of using electrostatic classification as a
standard method of particle sizing in the
development of a 0.1 um particle diame-
ter Standard Reference Material
(SRM). The mean particle diameter was
calculated from a measurement of the
mean electrical mobility of the PSL
spheres as an aerosol using an electro-
static classifier. The performance of the
classifier was investigated by measuring
its transfer function, conducting a sensi-
tivity analysis to verify the governing
theoretical relationships, measuring the
repeatability of particle sizing, and sizing
NIST SRM 1691, 0.269 pm and NIST
SRM 1690, 0.895 um particles. Investi-
gations of the aerosol generator’s perfor-

mance focused on the effect of impuri-
ties in the particle-suspending liquid on
the resulting particle diameter.

The uncertainty in particle diameter
determined by electrical mobility mea-
surements is found to be —3.3% to
+3.0%. The major sources of uncer-
tainty include the flow measurement, the
slip correction, and a dependence of
particle size on the aerosol flow rate. It
was found that the classifier could be
calibrated to indicate the correct size to
within 0.1% for both SRM particle sizes
if the defined classification length is de-
creased by 1.9%.

Key words: aerosol generator; atomiz-
ers; condensation nuclei counters;
electrical mobility; particle size;
polystyrene latex spheres.
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1. Introduction

This study assesses the accuracy of electrostatic
classification for measuring the diameter of 0.1 pm
polystyrene latex (PSL) spheres produced as an
aerosol by atomizing a suspension of PSL spheres
in water. The PSL spheres used in this study were
produced by emulsion polymerization by Dow
Chemical Company' and the nominal size as mea-

! Certain commercial equipment, instruments, or materials are
identified in this paper to specify adequately the experimental
procedure. Such identification does not imply recommendation
or endorsement by the National Institute of Standards and
Technology, nor does it imply that the materials or equipment
identified are necessarily the best available for the purpose.
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sured at Dow by transmission electron microscopy
is 0.109 pm. This study is motivated by the need to
develop an accurate 0.1 pm particle size standard.
This size standard is important for improving parti-
cle sizing accuracy by electron microscopy, light
scattering, and by other methods. A particle diame-
ter of 0.1 pm is in the size range of combustion
generated particles, contamination particles of con-
cern in the semiconductor industry, air pollutant
particulates, viruses, and various manufactured
particulates such as carbon black and fumed silica.

The electrostatic classifier is a widely used instru-
ment in aerosol research for both particle sizing and
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for generation of monodisperse aerosols over the
size range 0.005 to 1.0 pm. The basic physical prin-
ciple of the classifier is that the velocity of a
charged spherical particle in an electric field is di-
rectly related to the diameter of the particle. A
charged aerosol enters near the outer circumfer-
ence of the classifier and particles with a narrow
range in electrical mobility exit through a slit in the
center electrode. The mobility distribution is deter-
mined by measuring the number concentration ex-
iting the slit as a function of the electrode voltage.

The theory of the classifier operation and its per-
formance have been extensively studied [1-7]. In
regard to sizing PSL spheres with the classifier,
Kousaka et al. [8], compared measurements of PSL
spheres made with the electrostatic classifier to
measurements made with a sedimentation method,
and a balance method using a Millikan type cell.
The three measurements were found to agree
within a few percent for 0.2 to 1 pm particles, but
measurements were not conducted for particles
smaller than 0.2 pm in diameter.

The determination of the accuracy of a measure-
ment method requires that all the physical vari-
ables entering into the particle size equation be
accurately known. The two key physical variables
for the electrostatic classifier are the volumetric
flow rate and the electrode voltage. The procedure
used at NIST for these two calibrations is de-
scribed in section 3.2.1, An important element in
assessing the accuracy of an instrument is the veri-
fication that the instrument behaves according to
the governing equation. The verification procedure
outlined in section 3.2.3 included comparison with
the theory [1] and the use of two classifiers in
tandem [9]. Further verification of the classifier
performance is contained in section 3.2.4, where
the measured and predicted sensitivity of the clas-
sifier peak voltage to a change in the flow volume
and the operating pressure are compared. An-
other way the accuracy of the classifier was estab-
lished was by measuring two primary calibration
standards for particle size: 0.269 pm (NIST SRM
1691) and 0.895 pm (NIST SRM 1690). The results
of this comparison are contained in section 3.2.6.

The method for generating the PSL sphere aero-
sol involved atomizing a suspension of PSL spheres
dispersed in water. The non-volatile impurities in
PSL sphere suspension result in a residue thickness
on the PSL sphere. Significant effort was involved
in minimizing the droplet size produced by the at-
omizer system, section 3.3.1, and in quantifying the
amount of impurity in the dilution water, section
3.3.2, and in the original, undiluted suspension,
section 3.3.3.
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In section 4, the Discussion section, a compari-
son is made between the results of this study and
two other studies [10,11] that focused on the accu-
rate measurement of the same batch of Dow 0.109
pm PSL spheres.

2. Experimental Apparatus

Figure 1.shows a schematic diagram of the in-
strumentation used in this study. The major com-
ponents are the atomizer, the electrostatic
classifier, and the condensation nucleus counter. A
PSL aerosol is produced by atomizing a suspension
of PSL spheres in water. After conditioning, the
particles are passed through the electrostatic classi-
fier. By monitoring the number concentration with
the nucleus counter versus the mobility setting of
the classifier, the mean electrical mobility of the
particles is determined. The mean size is then de-
termined from the particle size dependence of the
electrical mobility. A more detailed description of
each instrument follows.

2.1 Aerosol Generation

The PSL spheres are aerosolized with an atom-
izer, shown in figure 2, consisting of a 15 psig air jet
impinging on the end of a liquid feed tube. The
opposite end of the feed tube is submerged in a
suspension of PSL spheres in water. The vacuum
produced by the air jet draws the particle suspen-
sion through the capillary tube and into the air jet.
The jet atomizes the PSL particle suspension pro-
ducing an aerosol of droplets. Some of the droplets
produced contain PSL spheres while other droplets
are “empty.” The droplets evaporate as they flow
through a diffusion drier and are diluted with
clean, dry air. Droplets containing PSL spheres
evaporate to form a PSL sphere with a slight sur-
face residue. Droplets which do not contain a PSL
sphere evaporate and form a small residue particle
consisting of nonvolatile impurities present in the
original particle suspension liquid. Thus, the result-
ing aerosol consists of potentially dirty PSL spheres
and small impurity particles.

When a droplet containing a PSL sphere evapo-
rates, any non-volatile impurities in the liquid re-
main to form a thin layer of residue on the particle
surface. The residue formed on the surface has a
finite thickness and produces a systematic error in
the measurement of particle diameter. To reduce
the concentration of impurities in the particle
suspension, de-ionized/filtered water was used to
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Figure 2. Atomizer with droplet impactor.

suspend the PSL spheres. The larger droplets evap-
orate leaving a larger impurity residue on the parti-
cle surface. To minimize this effect, an impactor
with a cut point of about 0.5 um was placed at the
outlet of the atomizer. The effect of impurity con-
centration on the size of 0.1 pm PSL spheres has
been experimentally investigated in this study.

2.2 The Electrostatic Classifier

The electrostatic classifier used in this project is
a commercially available instrument (TSI, Inc.,
Model 3071). Figure 3 shows a schematic diagram
of the instrument. The classifying region is
bounded by a stainless steel outer cylinder with an
inner diameter of 3.916 cm, and a coaxial, stainless
steel center rod with an diameter of 1.874 cm. The
center rod is connected to a variable ( 0 to
—11,000 V) negative dc power supply, and the
outer cylinder is grounded. By varying the center
rod voltage, the electric field in the annular region
can be varied from 0 to about 11,000 V/cm.
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Clean sheath air, after passing through a fine-
mesh flow straightening screen at the top of the
classifier, flows axially through the annular region
along the center rod. A smaller, polydisperse aero-
sol flow enters through an axisymmetric opening
along the outer cylinder. The clean air flow forces
the aerosol to flow downward in a thin layer on the
outer wall of the classifying region. It is essential
that these two streams merge smoothly without
mixing. Near the bottom of the classifying region, a
slit on the center rod extracts a fraction of the air
flow consisting of near-monodisperse (single sized)
aerosol particles. The remainder of the air flow ex-
its through the end of the annular region as excess
air. The length of the classifying region (44.44 cm)
is defined as the axial distance from the aerosol
entrance to the aerosol exit at the slit in the center
rod.

Before entering the classifying region, the parti-
cles are sent through a charge neutralizer. The
neutralization occurs through interaction with
bi-polar gaseous ions (positive and negative ions)
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Figure 3. Electrostatic classifier.

produced by radioactive Kr-85. The ions impart a
bi-polar charge distribution on the aerosol parti-
cles. For particles with diameters around 0.1 pm,
about 24% of the particles carry a single positive
elementary charge and about 4% carry a double
positive charge [12].

When the particles enter the classifying region,
they are carried axially down the classifying region
with the sheath air flow, and the particles carrying
a positive charge move radially towards the center
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rod under the influence of the electric field. Nega-
tively charged particles deposit on the inner sur-
face of the outer cylinder. Within the classifying
region, a particle rapidly reaches a steady radial
velocity through equilibrium between the electric
field force, and the opposing Stokes drag force.
The radial velocity of the particle in the electric
field is determined by the particle’s electrical mo-
bility, defined as the velocity a particle attains un-
der the influence of a unit electric field.
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The electrical mobility, Z;, of a singly-charged
particle can be derived by equating the electric
field force, F., with the Stokes drag force, Fa:

. _3mpVDy
Stokes Drag Force:  Fq C Dy
Electric Field Force: F. = eE
. N _V _eC(Dy)
Electrical Mobility:  Z;, = E “3mwpD, 1)
Where

|14 = radial component of particle velocity

E = electric field strength

€ = elementary unit of charge

C(Dy) = slip correction

m = air viscosity

D, = particle diameter.

As seen from eq (1), small particles have high
electrical mobilities, and thus move with high ra-
dial velocities toward the center rod and deposit on
its surface. Larger particles, with lower electric mo-
bilities, are swept further down the classifying re-
gion before depositing on the center rod. Still
larger particles are swept out the bottom of the
classifier with the excess air. The monodisperse
output of the classifier is extracted through a small
slit on the center rod shown in figure 3. Only parti-
cles with electric mobilities within a narrow range
have trajectories which bring them to the entrance
of the slit. Particles reaching the entrance of the
slit are removed from the classifying region by the
air flow entering the slit. In this way the classifier
extracts a narrow size range of particles from the
broader size range of particles entering the classify-
ing region.

2.2.1 The Transfer Function Knutson and
Whitby [1] developed a theory for the classifier
based on integrating the particle trajectory equa-
tions. The major result of their theory is an equa-
tion for the transfer function, ), which is defined
as the probability an aerosol particle that enters
the analyzer will leave via the sampling flow given
that the particle has a mobility Z,. A brief summary
of their analysis is presented below.

Let r and z denote the radial and axial coordi-
nates, respectively, within the mobility analyzer
with z increasing in the direction of the main
airflow. Let u,(r,z) and u,(r,z) be the radial and
axial components of the airflow velocity. Similarly,
let E,(r,z) and E,(r,z) be the components of the
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electric field. Neglecting particle inertia and Brow-
nian motion, one obtains the following two first
order differential equations for the particle path:

dr/dt = u, + Z,E., 2

dz/dt = u, + ZpEz- (3)

To demonstrate the conjugate nature of the flow
field and the electric field, Knutson and Whitby
transformed to new coordinates, {s, the stream func-
tion, and ¢, the electric flux function.

Wz = [ Twdz ), 4

82 = [ PEd B, )

They then demonstrate that the total differential of
U+Z,d is zero leading to the following significant
result;

(6)

Quoting Knutson and Whitby 1] “The particle
moves in such a way that the ratio of the number of
streamlines crossed to the number of electric field
lines crossed is always equal to the particle electric
mobility, Z,.”

The advantage of this method of analysis is that
the stream function is closely related to the volu-
metric flow rate, which is an experimentally con-
trolled variable. Representative streamlines are
indicated in figure 4 and the corresponding flow
variable is indicated below:

¥ = —Z,b+constant.

2w(Y2—{n) = aerosol inlet volume flow
rate, O,

2w(ls —2) = inlet sheath air volume flow
rate, Q.

2m(Ps—Y3) = monodisperse aerosol
volumetric flow rate, Qs

2w(ys — ) = outlet excess air volume flow
rate, Qm.

With the initial condition ¢ =5, at & = di,, €q (6)
for the particle path becomes:

U = Yin—Zp(d — din). (7
At ¢ = dou, U has the value ', given by:
"»“ = '-'Jin—ZpAd)» (8)
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where A = bou— din. The electric field is vanish-
ingly small in the aerosol entrance and at the exit
slip so that ¢ is a constant ¢ throughout the
entrance and .. throughout the exit slit.

The transfer function, (), is the probability that
the particle will leave via the sampling slit, which
can happen only if

O

P <’ <ia. 9)

Aerosol
Entrance
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Figure 4. Schematic representation of mobility analyzer stream-
lines and particle paths.

The probability, {}, is therefore equal to the fraction
of the interval ({—Z,Ad, ¥b.—Z,Ad) which is in-
tercepted by the interval (Y, {s). The results of
carrying out such an analysis, which is tedious but
straightforward, are presented in figure 5.

There are several important features of the trans-
fer function apparent from figure 5. If the aerosol
inlet flow and the monodisperse sampling flow are
equal, Q.=Q;, the transfer function has a triangular
shape with a sharp peak corresponding to a proba-
bility O of 1. This is the best condition for obtaining
accurate particle size.

\ -
} 3032":0‘-.1

MIN (1, Qg / Q)

TRANSFER FUNCTION,

Figure 5. The mobility analyzer transfer function. The dashed
curve corresponds to Qs=Q..

For unequal flow rate, the transfer function has a
trapezoidal shape. The origin of the top of the
trapezoid can be understood intuitively from the
following example. Suppose the inlet aerosol flow is
less than the monodisperse sampling flow. Then
there will be a range of voltages for the center rod
for which all the inlet aerosol with mobility Z, will
be sampled by the monodisperse outlet. This im-
plies that the transfer function is unity for a range
of voltages thus leading to a flat top rather than a
triangular shaped peak.

The actual measurements of mobility are made
versus the voltage setting of the center rod. The
relationship between A and the voltage V can be
obtained using eq (5) and the expression for the
radial and axial components of the electric field:

E. =0, E.=V/[rin(rJr)]. (10)

Performing the integration yield the following
result:

Ad=VL/In(r/r1) . (11)

The three features of figure 5 of greatest impor-
tance to the measurement of particle size are the
centroid of the transfer function, and the upper and
lower widths of the transfer function. Expressing
the results in terms of the mobility, Z,, Knutson and
Whitby [1] obtained the following expression for the
centroid of the mobility band.

2,=24 00 11 (). (12)
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The range of the electrical mobility, AZ,, of parti-
cles exiting through the slit is given as:

Azp__!ga"'gs!

= VL In(ra/ri) .

(13)

The range in AZ, corresponding to the upper por-
tion of the trapezoid in figure 5, which we denote
as AZy* is given by

s+ Qa

AZ,* =129WQ[—} In(rr) . (14)
where

Z, = particle electrical mobility

AZ, = electrical mobility width at base

AZ,* = electrical mobility width of plateau region

V = voltage on the center rod

L = length from aerosol inlet to exit slit

r. = radius of the outer cylinder (inside surface)

radius of the center rod.

Several assumptions were made in the develop-
ment of these equations. The flow field is assumed
to be laminar, axisymmetric, and incompressible;
the electric field is assumed uniform, neglecting
field distortions at the aerosol entrance and the
sampling exit slit; particle inertia and Brownian
motion are neglected; and the influence of space
and image charges are assumed negligible.

2.2.2 Measurement of the Electrical Mobility
Distribution By varying the voltage on the inner
rod of the classifier, and measuring the concentra-
tion of the aerosol exiting through the mono-
disperse aerosol outlet, the distribution of the inlet
aerosol’s electrical mobility can be measured. The
resolution of this measurement can be controlled,
as seen in eqs (12) and (13), by decreasing the ratio
of aerosol flow rate to sheath flow rate. Using eq
(1), the electrical mobility distribution can be con-
verted to the size distribution of the inlet aerosol.

The classifier is instrumented with an adjustable
voltage power supply and three mass flowmeters
which control the sheath air, excess air, and
monodisperse aerosol flow rates. The flowmeters
operate by measuring the current needed to main-
tain a constant-temperature hot-wire element in
the air flow and are sensitive to the mass of air
passing the sensing element.

The calibration of a mass-sensing flowmeter can
take the form of either an actual mass flow rate
curve ([grams of air]/second vs meter voltage) or a
volumetric flow rate curve ([liters of air]/second at
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T,P vs meter voltage) where T and P are the air
temperature and pressure during calibration. As
seen in eqs (12) and (13), measurements made with
the classifier depend on volumetric flow rates.
Since the classifier measures the flow rates using
mass-sensing flowmeters, a correction must be
made if the temperature and pressure of the air in
the classifier differ from the temperature and pres-
sure of the air used for the flowmeter calibration.

If the flowmeters are calibrated using dry air, the
correction to the calibration for dry air can be ob-
tained from the ideal gas equation, and is as fol-
lows:

Tactual P cal
= SRR 15
QVOI Qcal Tcal Pactual ( )
where
Ovot = volumetric flow rate
QOca = calibrated volumetric flow rate at Tear,Peal
Tca = calibration temperature
P = calibration pressure
Tacwat = actual temperature inside classifier

Pacwa = actual pressure inside classifier.

The correction to the flowmeter calibration for wet
air is slightly different, and is described in section
3.2.2.

During operation of the classifier, the pressure,
temperature and relative humidity of the air inside
the classifier were measured, and the volumetric
flow rate was calculated using eq (15). The temper-
ature and relative humidity of the air inside the
classifier were found by measuring the conditions
of the air passing through the excess air line. The
temperature was measured using a platinum resis-
tance thermometer, and the relative humidity was
measured using a chilled-mirror humidity analyzer.

The pressure inside the classifier was about
3.5%x10° Pa (36 cm H,O) above ambient for
333 cm®s (20 L/min) sheath air flow. To minimize
the gage pressure in the classifier, the excess air and
monodisperse aerosol valves were left fully open,
and flows were adjusted with the excess
monodisperse aerosol valve (see fig. 3). The ele-
vated pressure inside the classifier is required to ex-
haust the sheath flow through the flow
straightening header at the bottom of the classifying
region. The pressure inside the classifier is moni-
tored by measuring the pressure in the
monodisperse aerosol outlet line, and applying a
slight correction, 15¢ Pa (1.5 cm H;O) for a 33.3
cm’/s (2 L/min) aerosol flow, to account for the
pressure drop from the interior of the classifier to
the pressure tap on the monodisperse outlet.
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2.3 The Condensation Nucleus Counter

Figure 6 shows a schematic diagram of the con-
densation nucleus counter (CNC) (TSI, Inc.,
Model 3020). The instrument samples aerosol at a
flow rate of 5 cm*s and indicates the number con-
centration of the aerosol. The counting efficiency is
nearly 100% for particles from about 0.02 to at
least 0.1 um [13}.

The aerosol entering the counter passes through
a chamber containing nearly saturated butyl alco-
hol vapor. The aerosol-alcohol vapor mixture is
then passed through a cooled condensing tube
causing the alcohol vapor to condense onto the
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particles. The condensing alcohol causes the parti-
cles to grow to a size easily detected with an optical
counter at the exit of the condensing tube. In the
optical particle counter, the particles pass through
a focused light beam and scatter light onto a
photodetector. In the single particle counting
mode, used for lower particle concentrations,
counting of individual pulses from the photodetec-
tor provides particle concentration. In the concen-
tration mode, used for high particle concentrations,
the analog level of the photodetector is calibrated
to provide particle concentration. In general, since
the single particle counting mode does not require
calibration, its concentration measurements are
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considered more accurate. For sizing PSL spheres,
the concentration was kept low enough to use the
single particle counting mode. The PSL particle
concentrations downstream of the classifier were
maintained by adjusting the concentration of the
PSL suspension used in the atomizer.

3. Experimental Methods and Results

Following a general description of PSL particle
sizing with the classifier, the measurement methods
for defining the accuracy of particle size measure-
ments by the electrical mobility classifier are pre-
sented. This section includes a detailed uncertainty
analysis of the classifier performance and an anal-
ysis of the effect of non-volatile impurities on the
PSL sphere size as an aerosol.

3.1 Procedure for Sizing Particles with the
Electrostatic Classifier

Sizing the PSL spheres with the electrostatic clas-
sifier is a relatively fast process. A suspension of
particles is prepared, the PSL-particle aerosol is
generated, the classifier is used to measure the
voltage corresponding to the mean electrical mobil-
ity of the PSL spheres, and a straight forward data
reduction process provides a measurement of the
mean particle diameter. From start to finish, the
sizing process takes about 15 min. The liquid sus-
pension of PSL spheres was prepared by diluting a
concentrated suspension with deionized-filtered
water. The concentrated suspension of the 0.1 pm
PSL spheres consisted of about 10% by weight PSL
spheres suspended in water. The Standard Refer-
ence Material particles, 0.3 and 0.9 pm, were sup-
plied in a suspension of 0.5% by weight PSL spheres
in water. The nominal dilutions and particle con-
centrations of the PSL suspensions used in the
atomizer are as follows:

Drops of
Particle concentrated dilution  concentration
diameter  PSL suspension volume #/ml
0.1 pm 3 of 10% by weight 250 ml 6x10"
0.3 um 30f0.5% by weight 25 ml 2x10°
0.9 pm 10 of 0.5% by weight 25 ml 2x10°8

While the 0.3 pm and 0.9 pm particle concentra-
tions in the liquid suspension were lower than the
0.1 um particle concentration, the monodisperse
aerosol concentrations were similar. The lower
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liquid concentrations of the 0.3 pm and 0.9 pm
particles is offset by atomizing the suspensions
without the impactor, The atomizer produces more
particle-carrying droplets without the impactor.

Following a warm-up period to allow the classi-
fier flowmeters to stabilize, the aerosol was gener-
ated and passed through the classifier. During
normal operation, the sheath and excess air flow
rates were kept equal, resulting in equal polydis-
perse and monodisperse aerosol flow rates. To
minimize the internal pressure of the classifier, the
excess air and monodisperse aerosol valves were
operated in a fully open position. The sheath air
flow rate was set by iterating with the two valves
upstream of the sheath air inlet, shown in figure 1,
until the pressure between the valves was about
1.60 x 10° Pa (160 cm water) while maintaining the
desired flow rate. The pressure upstream of the
sheath air inlet was maintained at 1.60 x 10* Pa to
match the conditions existing during flowmeter cal-
ibration. The excess polydisperse aerosol valve and
the excess monodisperse aerosol valve were itera-
tively adjusted to provide the correct excess air and
monodisperse aerosol flow rates. The flow rates
used for sizing the 0.1 wm particles were nominally
333 cm?/s (20 L/min) sheath air flows, and 33.3 cm®/s
(2 L/min) aerosol flows. For sizing the 0.3 pm par-
ticles, the flow rates were nominally 167 cm®/s (10
L/min) sheath flows, and 16.7 cm®s (1 L/min) aero-
sol flows. The 0.9 pm particles were sized using
nominally 50 cm¥s (3 L/min) sheath, and 5cm¥s
(0.3 L/min) aerosol flow rates. Other flow rates
were used to investigate the effect of flow rate on
size measurements,

Once the flow rates in the classifier were estab-
lished, the center rod voltage was varied to find the
peak in the mobility distribution as measured by
the condensation nucleus counter. The concentra-
tion was then monitored for several minutes to
insure a constant aerosol concentration. The fluc-
tuations in the particle concentration were consis-
tent with a Poisson distribution of number
concentration; that is, the coefficient of variation,
CV, defined as the ratio of the standard deviation
in the number concentration to the average num-
ber concentration, was in agreement with the pre-
dicted CV for a Poisson distribution.

1
CV =—=
VN
where
CV = coefficient of variation for a Poisson
distribution
N = average aerosol number concentration.
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The concentration recorded for a given voltage
setting was obtained by monitoring several consec-
utive concentration readings (one reading every
3 s) and then estimating the average concentration.
When the concentration fluctuations were obvi-
ously larger than statistically predicted, the mea-
surement was discarded and efforts were made to
stabilize the concentration. Gradual concentration
changes over the course of measuring the mobility
distribution resulted in slight sizing uncertainties
and are included in the estimate of particle diame-
ter measurement uncertainty.

After the aerosol concentration stabilized, the
voltage on the center rod of the classifier was ad-
justed symmetrically about the peak concentration
voltage. The concentration was recorded for each
voltage setting. A typical concentration-voltage
curve is shown in figure 7. The quantity of primary
interest in this study is the peak voltage which is
the voltage corresponding to the peak in the
concentration-voltage curve. The peak voltage is
computed as the concentration weighted average as
follows:

Vave = EEL}# (16)

where

Vave = peak voltage
Vi measurement voltages
N; concentration corresponding to V;.

i

Once the representative voltage of the peak is
found, the particle diameter can be calculated
using eqs (1) and (12). Since the particle slip cor-
rection is dependent on particle diameter, it is
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Figure 7. Number concentration vs center rod voltage for 0.1 pm
PSL spheres.

necessary to iterate with eq (12) to determine the
diameter. A simple iteration routine is used for this
purpose.

The calculation of particle diameter from eqs (1)
and (12), requires accurate values for the viscosity
of air, p, and the particle slip correction, C. The
slip correction used in the diameter calculations is
based on Allen and Raabe’s [14] measurements
for PSL spheres using an improved Millikan
apparatus:

Cc = 1+Kn[1.142+0.558exp(_%zgg)] 17

where
C = particle slip correction
Kn = Knudsen number
_ 2\
Kn = D, where D, is the particle diameter
A = mean free path of air.

Pressure and temperature corrections were
made to the mean free path () [15]:

(1 1104
e
A=A (To P\ 1104 (18)
1+
T

where

Ao = 0.0673 pm, for air at Ty, Py

Ty = reference temperature, 296.15 K

Py, = reference pressure, 1.01 X 10° Pa

(760 mm Hg)
T = air temperature; Kelvin
P = air pressure inside the classifier.

The coefficient of viscosity of air.was calculated as
[15]:

T )'5(286.15 + 110.4)

w= "”’C(z%.ls T+1104 (19)

where

pozc = 1.93245x 1074 P,
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3.2 Verification of Correct Classifier Performance

To ensure correct operation of the electrostatic
classifier, calibrations were performed and perfor-
mance tests were conducted. The voltage and flow
meters were calibrated, the effect of humidity on
volumetric flow rate was measured, the transfer
function of the classifier was measured and com-
pared to the theoretically predicted transfer func-
tion. A sensitivity analysis was performed to verify
the theoretical relationships describing the classi-
fier’s dependence on the operating pressure and
the flow rate. The repeatability of size measure-
ments was checked and the classifier measure-
ments were tested with Standard Reference
Material particles.

3.2.1 Calibration of the Flowmeters and
Voltage Meter

Voltage Meter Calibration

The center rod voltage meter was calibrated with
a precision voltage meter capable of reading
voltages up to 10,000 V. The accuracy of the cali-
brating meter is estimated as +0.2%. The cali-
bration was accomplished by connecting the cali-
brating voltage meter to the lead from the power
supply. The center rod voltage meter was cali-
brated from 1000 to 9,000 V. The calibration indi-
cated that the center rod voltage meter was
indicating voltages higher than were actually
present by about 2% at 4,000 and 3% at 9,000 V.
For sizing 0.1 pm particles using 333 cm®/s sheath
air, a 2% error in voltage at the nominal voltage
peak of 3,800 V corresponds to a 1% error in parti-
cle diameter. For sizing 0.3 pm particles using
sheath air at about 167 cm®/s, a 3% error in voltage
at a nominal voltage peak of 8,000 V corresponds
to a 2% error in diameter.

Flowmeter Calibration

Calibrations of the mass flowmeters used to con-
trol sheath air flow, excess air flow, and
monodisperse air flow were performed to improve
the accuracy of the size measurement. The calibra-
tions were performed at the NIST flow calibration
facility using the “piston prover” apparatus, main-
tained as the primary standard for calibration of
gas flow meters. The apparatus consists of a vol-
ume displacement device incorporating a mercury-
sealed piston inside of a glass cylinder. For
calibration of a flow meter, dry gas is passed
through the meter and into the calibration cylinder.
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The piston is displaced through an accurately de-
fined volume in an accurately measured time. A
bypass valve allows re-routing of the gas stream so
the piston may be returned to its original configu-
ration between each calibration run. Measure-
ments of temperature and pressure are recorded so
that the mass flow rate can be determined.

In order to eliminate changes in the flowfield ex-
perienced by the flowmeters, the calibrations were
conducted without removing the flowmeters from
the classifier. The configuration of the classifier al-
lowed simultaneous calibration of either the sheath
air meter and the excess air meter, or the sheath
air meter and the monodisperse aerosol meter. To
calibrate the sheath air meter and the excess air
meter, the monodisperse aerosol outlet valve was
closed and the polydisperse aerosol inlet was
plugged. To calibrate the sheath air meter and the
monodisperse aerosol meter, the polydisperse
aerosol inlet was left plugged, the excess air valve
was closed, and the monodisperse aerosol valve
was left fully open. :

The calibrations were performed with the classi-
fier valves in their normal configuration (excess air
and monodisperse aerosol valves fully open). The
valve on the sheath air inlet was adjusted to
provide an upstream air pressure of about
1.60x 10* Pa, and this pressure was maintained
during normal operation of the classifier.

During calibration, the flow rate was approxi-
mately selected using the manufacturer’s original
calibration. The meter readings were recorded, and
the flow rate was measured using the “piston-
prover” calibration apparatus described above. The
flow rates chosen for calibration of the flowmeters
were nominally 333, 167, and 50 cm?%s for the
sheath air and excess air flow rates. These flow
rates were chosen to maximize the flow accuracy
for sizing 0.1 pm, 0.3 pm SRM, and 0.9 um SRM
particles, respectively. For the monodisperse aero-
sol flow meter, the calibration flow rates ranged
from 33.3 to 4.2 cm®/s. The flow meters were cali-
brated at additional flow rates in the vicinity of the
nominal values listed above.

Each calibration point was repeated five times
on two consecutive days, and a partial calibration
was conducted 1 week later to check for meter
drift. The accuracy which is normally quoted by the
NIST calibration facility is on the order of
*0.25%, with 99% confidence. As will be dis-
cussed later, the estimate of uncertainty in the
flowmeters used during operation of the classifier
is conservatively estimated to be *1% due to
additional uncertainties in the meter setting and
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the temperature and pressure which are used to
convert the mass flow rate to the volumetric flow
rate [eq (15)]. The calibration conducted a week
after the initial calibration did not indicate a signif-
icant drift for the higher flow rate calibrations
(maximum shifts for sheath and excess air: 0.05%
at 33.3 cm®s 0.14% at 167 cm’/s, and .01% at 333
cm’s). Drift associated with the monodisperse
aerosol meter using lower flow rates was slightly
higher, with the maximum shift between the three
calibration days of about 0.5% for flow rate set-
tings of nominally 33.3,16.7, and 4.2 cm’s.

The manufacturer’s calibration for the sheath air
meter indicated lower flow rates by about 5% at
nominally 333 cm®/s and 3% at nominally 167 cm/s
compared to the NIST flow rate calibration. The
manufacturer’s calibration for the excess air meter
was found to be 8% lower at nominally 333 cm®/s
and 7% lower at nominally 167 cm?s. For sizing 0.1
pm particles, an error in the sheath air of 5% at
333 cm®/s corresponds to a diameter error of about
3%. It should be noted that although the electro-
static classifier was not used until initiation of this
project in 1988, the calibration is dated 7/83. Also,
the larger uncertainties seen in the excess air meter
may be due to the uncertainty in the meter setting
caused by a significant amount of rapid fluctuation
in the meter reading.

322 Effect of Humidity on the Volumetric
Flow Rate Since the molecular weight of a water
molecule is less than the molecular weight of air,
for a given mass flow rate, the equivalent volumet-
ric flow rate of wet air should be higher than the
volumetric flow rate of dry air. Water vapor, pro-
duced by the atomizer, leads to high humidities of
the air exiting the atomizer. While the drying tube
and dilution of the atomizer aerosol with dry air
reduces the humidity of aerosol entering the classi-
fier, the resulting air humidity is still higher than
the humidity of the air used during flowmeter cali-
bration. The air used for sheath air is sent through
a diffusion dryer providing relative humidities on
the order of 5%. The relative humidity of the aero-
sol at the classifier inlet can be high if low dilution
air is used. The flow rate from the atomizer with-
out dilution is 83.3 cm®s, and a typical dilution air
flow is about 80 cm®/s. When the atomizer was used
with the impactor, the relative humidity of the
aerosol at the inlet to the classifier was measured
to be around 25% and about 7% at the excess air
outlet.

For wet air, the volumetric flow rate correction
made to the flowmeter calibration is slightly differ-
ent from the correction made for dry air. Assuming
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flowmeter calibrations are conducted with dry air,
the volumetric flow rate correction for wet air,
derived based on ideal gas considerations, is as fol-
lows [compare to eq (15)]:

Qvol = Qcal * T;::tual ’ Peat M, (20)
cal Pair +PH20 ‘TW—HLO
air
Ovot = volumetric flow rate of wet air
Qca = calibrated volumetric flow rate at Tcaj,Pear
P,;; = partial pressure of air
Py,0 = partial pressure of water vapor
Mmu,0 = molecular weight of water
M.;: = molecular weight of air.

The effect of relative humidity on volumetric flow
rate predicted by eq (20) is summarized below:

Qva With R.H. correction

R.H. (%) Qvol no R.H. correction
0 1.000
10 1.001  (0.1%)
20 1.002  (0.2%)
50 1.006 (0.6%)
70 1.009 (0.9%)
100 1012 (1.2%)

Typical relative humidities of the excess air mea-
sured when sizing 0.1 pm particles were 5-15%.
The relative humidities existing when sizing the 0.3
and 0.9 pm SRM particles were higher (when the
atomizer is used without the impactor, more water
vapor is produced). The humidities were not mea-
sured in these cases; however, an upperbound
humidity of 25% is estimated based on 100%
humidity of the inlet aerosol and a factor of 10
dilution by the dry sheath air. Particle diameter
measurements made without correcting the flow
rate for relative humidity will result in an increase
in the measured diameter by a magnitude approxi-
mately half the flow volume ratios shown above.

The effect of humidity on the volumetric flow rate
was experimentally investigated using a gas-test me-
ter. Maintaining a given voltage on the mass
flowmeter, the volumetric flow rates were measured
with different air humidities. It was found that
changing the humidity from 5% to 60% for fixed
mass flow rate increased the volumetric flow rate by
less than 0.5%, which was at the resolution limit of
the flow measurement. This finding is consistent
with eq (20), but the measurement resolution is
inadequate to provide a quantitative test of the
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equation. In any event for the 0.1 um PSL spheres
with a humidity of 5-15%, the predicted humidity
correction to the volumetric flow rate is less than
0.2%.

3.2.3 Testing the Transfer Function To deter-
mine whether the classifier is operating correctly,
its performance can be judged by comparing the
theoretical and experimental output of the classi-
fier when classifying a monodisperse aerosol.
Figure 8a shows a plot of concentration vs center
rod voltage for 0.269 pm PSL under the condition
of equal aerosol flow rates. Also shown on the
curve is the theoretical voltage-concentration curve
plotted about the peak concentration voltage,

which was obtained from figure 5 and eq (11) with
0:=0Qn=167 cm*s and Q.=Q,=17 cm®/s. While
Figure 8a indicates approximately correct behavior,
the slight uncertainty in the peak concentration
causes uncertainty in the placement of the theoret-
ical transfer function. This uncertainty is the result
of the rounding effect at the peak caused by
slightly unequal aerosol flow rates. A better com-
parison is obtained if the aerosol flow rates are not
equal. The flow rate of the aerosol entering the
classifier was reduced by a factor of two, Q.=8.5
cm?®/s, while the sheath flow was increased by 8.5
cm’®/s so Q=175 cm?s (fig. 8b). The data in figure
8b allows definite placement of the theoretical
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Figure 8a. Comparison of experimental and theoretical response of the
classifier for 0.269 wm particles using equal aerosol flow rates.
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transfer function and indicates correct classifier
output. Slight differences between the theoretical
transfer function and the experimental transfer
function are due in part to the fact that the PSL is
not perfectly monodisperse.

A second method to check for correct perfor-
mance of the classifier was developed by Rader and
McMurry [9] and involves the use of two classifiers
in series. Such a configuration is called a TDMA
(Tandem Differential Mobility Analyzer). In this
method, a polydisperse aerosol is sent through the
first classifier to produce a test aerosol for the sec-
ond classifier. The voltage on the first classifier is
held constant while the voltage on the second classi-
fier is varied to trace the distribution of the test
aerosol. The concentration-voltage data of the sec-
ond classifier is then compared to the TDMA
theory using a computer algorithm which estimates
the ratio of sheath to aerosol flow rates by fitting
the theoretical relationships to the voltage-concen-
tration data. Agreement between the actual flow
ratio and the fitted flow ratio is an indication that
the classifiers are operating correctly. This method
was used to test the performance of the NIST clas-
sifier using a second classifier of the same type and
model to complete the TDMA system. The second
classifier was provided by the University of Minne-
sota Particle Technology Lab. The results of the
TDMA test indicated the classifier was operating
correctly. (For a sheath to aerosol flow ratio of 10.0,
the algorithm indicated a ratio of 9.8 with the NIST
classifier used as the second classifier in the TDMA
system, and a ratio of 10.0 with the NIST classifier
used as the first classifier in the TDMA system.)

A third test of the classifier’s performance is to
compare the experimental peak concentration at
the output of the second classifier (Nz2ou) to the
concentration at the input to the second classifier
(Nin). From the triangular s